This paper, devoted to cadmium(II) carbonate, is the first in a series dedicated to the solubility of compounds relevant to mobility of metals in the environment. Here, we present compilations and critical evaluation of the experimental solubility data for cadmium(II) carbonate, otavite, in aqueous ternary and higher-order systems. The solubility of cadmium(II) carbonate depends on temperature, carbon dioxide partial pressure, pH, the presence of complexing ions, and ionic strength of the solution. Papers referring to solubility of cadmium(II) carbonate have been published since 1901; the thorough search of the literature in this field covered the period from 1901 through 2009. The compilation of the available experimental data is introduced with a critical evaluation. The evaluation of the experimental data considers the possible correlation between the data obtained under similar experimental conditions of temperature, carbon dioxide partial pressure, electrolyte, and ionic strength. Those experiments where the solid phase was well identified and the interactions between the electrolyte and the dissolved cadmium(II) ion were considered practically negligible were used to determine the thermodynamic properties of the solid cadmium (II) 
Preface
This paper, devoted to cadmium(II) carbonate, is the first in a series dedicated to the solubility of compounds relevant to the mobility of metals in the environment. Here are presented compilations and critical evaluations of the experimental solubility data for cadmium(II) carbonate, otavite, in aqueous ternary and higher-order systems. By thoroughly searching the literature published between 1901 and 2009, 18 papers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] referring to experimental work on solubility of cadmium(II) carbonate have been found. In a previous compilation on some sparingly soluble salts of zinc(II) and cadmium(II) in water and in aqueous electrolyte solutions, carried out by Clever et al. 19 in 1992, the solubility of cadmium(II) carbonate was included. These authors also had access to a preprint of Stipp et al.'s careful work on cadmium(II) carbonate solubility, which was subsequently published in 1993.
14 Thus, Ref. 19 provided a valuable basis for the present review.
Due to the characteristics of the carbonate system, the most reliable results must be obtained from ternary or higher-order aqueous systems. In fact, the literature search showed that no solubility data for the binary system (solid þ water) have ever been measured.
The compilation of the available experimental data is introduced with a critical evaluation. Recommendations for solubility measurements and evaluations involving sparingly soluble ionic compounds have been summarized by Gamsjäger and Königsberger. 20 The critical analysis of the published experimental data focuses on:
(a) verification of the purity and crystallinity of the solid used before and after the experiment; (b) description of the experimental design focusing on reagents used, experimental methods, and temperature; (c) in the case of the controlled atmosphere systems, the partial pressure of the carbon dioxide over the aqueous solution; and (d) experimental determination of all the relevant chemical parameters (concentrations or molalities of the dissolved ions).
The evaluation of the experimental data considers the possible correlation between the data obtained under similar experimental conditions of temperature, carbon dioxide partial pressure, background electrolyte, and ionic strength. Those experiments 5, [12] [13] [14] 16, 17 where the solid phase was well identified and the interactions between the electrolyte and the dissolved cadmium(II) ion were considered practically negligible were used to determine the thermodynamic properties of the solid cadmium(II) carbonate.
To describe the dependence of the solubility of sparingly soluble ionic solids on solution composition, the appropriately generalized solubility constant (definition in Ref. 21 ) is used. According to the Guidelines of the IUPAC-NIST Solubility Data Series, 22 it provides information on Gibbs energy of formation of ionic solids. To obtain the standard solubility constant valid at ionic strength I ¼ 0 mol kg À1 from the solubility data determined in ionic media containing noncomplexing electrolytes of an ionic strength I in excess of the interacting ionic species, it is recommended to extrapolate the experimental solubility constants using the Brønsted-Guggenheim-Scatchard specific ionic interaction (SIT) model. This model predicts a linear relationship between the left-hand side of Eq. (1) and the molality-based stoichiometric ionic strength I (¼ 1 = 2 R i z i 2 m i ) of the background 1:1 electrolyte. 22 Note that the left-hand side of Eq. (1) at I ¼ 0 can be obtained as slope and intercept, respectively, of a linear least-squares fit to the data. 22 The solubility constant can be calculated from thermodynamic data obtained by other methods than solubility measurements. The first value published for the solubility product of cadmium(II) carbonate, at 298. 15 
The entropy of formation of cadmium(II) carbonate was calculated from the reaction of cadmium(II) carbonate decomposition using the entropy of reaction at 298.15 K, the entropy of cadmium(II) oxide, and the entropy of carbon dioxide. The value of the entropy of cadmium(II) carbonate obtained by Kelley ) is similar to that proposed in this paper calculated by a completely different and independent method. However, the considerable uncertainty in the values then published for the enthalpy of formation for cadmium(II) oxide, associated with an unfavorable choice of that enthalpy of formation, originated in a low value for the Gibbs energy of CdCO 3 formation as well as the low value (lg K s0 ¼ À13.74) proposed by these authors for the solubility product of cadmium(II) carbonate.
In order to avoid the use of the stability constant for the reaction of formation of the cadmium(II) carbonate aqueous species ðCdCO 3 ðaqÞÞ, whose value is still provisional, 24 24 report that the ion Cd 2þ is the dominant species until pH 8.6, but they remark on the large uncertainty of the stability (formation) constants for the Cd 2þ -carbonato complexes which has implications on reliable speciation. For pH > 9.5, Powell et al. 24 show that more than 95% of the total dissolved cadmium(II) exists in aqueous solution as CdCO 3 (aq). On the other hand, only four authors 3, 9, 12, 18 published solubility data for pH > 8, and Rai et al. 12 showed that for pH > 12 cadmium(II) hydroxide is a solid phase thermodynamically more stable than cadmium(II) carbonate.
The first experimental value found for the solubility of cadmium(II) carbonate was determined by Immerwahr 1 in 1901 using an electrochemical cell consisting of metallic cadmium as cadmium(II) ion-sensitive electrode and the "normal" calomel electrode as reference electrode. Unfortunately, the experimental set-up was not quite appropriate and the conditions to which the reported solubility refers are ambiguous. Nevertheless, Immerwahr's idea to determine solubility products using electrochemical cells was a seminal one. Later Saegusa 2 determined the solubility of cadmium(II) carbonate measuring also electrochemical potentials, and his result is analyzed in the critical evaluation.
The majority of the experimental data were determined for the temperature of 298.15 K and 101.325 kPa total pressure, however, a few data were determined at other temperatures and pressures. Karnaukhov et al. 6 All published data used water as the only solvent, with the exception of the work of Cecal and Ciuchi. 11 These authors measured the solubility of cadmium(II) carbonate in mixtures of water-methanol, water-ethanol and waterpropan-2-ol. As these are the only data published under these experimental conditions, it is impossible to make a critical evaluation of the results.
A set of experiments 1, 4, [7] [8] [9] 11, 17 was done in aqueous medium containing chloride in equilibrium with solid cadmium(II) carbonate. In aqueous solutions containing chlorides with pH < 8.5, it is necessary to take into account the formation of cadmium(II)-chlorido complexes 24 that increase the solubility of the cadmium(II) carbonate. The extent of the chloride complexation depends not only on the pH but also on the chloride concentrations in solution. Each experiment was done under different physical (temperature and pressure) and chemical (solutions composition) conditions, thus the critical analysis has to be done case by case. e* K ps0 is the representation of the solubility product, p indicates that a gas is involved in the equilibrium, 0 that the central metal ion has no ligands, and * that a proton is involved in the equilibrium. 
In Eq. (2b), a i is the activity of i and f CO 2 is the fugacity of carbon dioxide. If p tot 1 bar, f CO 2 % p CO 2 . As the standard Gibbs energies of formation of CdCO 3 (cr), CO 2 (g), and H 2 O(l) are the same in Eqs. (1a) and (2a), the following relationship between pairs of solubility constants, standard electrode potentials, and equilibrium vapor pressures of aqueous electrolyte medium and pure water ensues. 
, respectively. In this work, Ulich's 29 second approximation (@D r(6a) C p /@T ¼ 0) was preferred as a semi-empirical fitting equation, see Fig. 1(a) . It is noted in passing that Ulich's 29 second approximation is equivalent to a three-term ClarkeGlew equation, 21 see Fig. 1(b) . Thus, its advantage is that the fit parameters can be related to thermodynamic quantities. 30 The weighted mean of the measurements of Parks (Hg, satd) . G, r exp. data (Refs. 26 and 27), respectively, Three-term Clarke-Glew equation: Kraft, 31 assuming that the SIT model is applicable for the whole range of ionic strengths investigated (0 I/mol kg 12 investigated the solubility product of cadmium(II) carbonate painstakingly at low ionic strengths. Although their solubility product is slightly different, the corresponding data fall at least equally close on the curves calculated by themselves 12 and by Gamsjäger et al., 35 respectively. Moreover, the 1993 solubility product of Stipp et al.
14 agrees with the 1965 value of Gamsjäger et al. 5 within the experimental uncertainty, although it was determined at extremely low ionic strengths again. In Table 2 
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The SIT analysis of (I, lg * K ps0 ) data at 25 C (see The uncertainty ranges of these mean values overlap, and so D sln H vanishes within the experimental uncertainty. 
Refs. The standard entropy of CdCO 3 can also be calculated from this information. When the relationship The potential of this cell (E) can be related to the Gibbs energy of reaction (D r G),
To calculate the Gibbs energy of formation of cadmium(II) carbonate, the CODATA key value 33 for the Gibbs energy of formation of Ag 2 CO 3 (cr) and the value published by The solubility product was also calculated using the CODATA key values 33 for the Gibbs energy of formation of carbonate and cadmium(II) ions. 
Source and Purity of Materials:
The crystals of CdCO 3 , with otavite structure, were synthesized by the authors according to published procedures, 41 and dried at 65 C in a 100% CO 2 environment. A cadmium(II) chloride solution was titrated with potassium carbonate solution to pH 8, at 65 C. The solid was aged in the parent solution and washed until free of chlorides. The solid was identified by x-ray diffraction analysis. Distilled and deionized water was used. N 2 (g)-CO 2 (g) mixtures and CO 2 (g) were commercially manufactured. NaOH was reagent-grade kept in an inert atmosphere, and the acids were double-distilled. aqueous solutions over five months until constant total cadmium(II) concentration and pH were reached. The temperature was kept in the range 23-24 C during the first three months and was kept at (25 6 1) C during the last two months. The weight ratio solid phase: aqueous solution was 1:100, and the samples were periodically stirred with the lid open to equalize the carbon dioxide partial pressure in the solution and in the atmosphere. The filtered solution was analyzed by atomic absorption for cadmium and the pH was measured potentiometrically.
Samples of CdCO 3 were prepared by the mixture of NaHCO 3 and Cd(NO 3 ) 2 aqueous solutions left to react for one day in an hermetically sealed plastic vessel. After this time, the excess of carbon dioxide was slowly bled and the solid was washed several times with distilled water, filtered and dried at 105 C. There is no reference to the source or purity of the chemical reagents used or the identification of the solid obtained. Only Karnaukhov et al. 6 and Davis et al. 10 determined the solubility of cadmium(II) carbonate in pure water in contact either with the laboratory atmosphere 6 or with controlled carbon dioxide partial pressure atmospheres. 10 Karnaukhov et al. 6 do not present any experimental data and only recorded the solubility constant with the value lg K s0 ¼ À11.29. These authors were aware of the difficulty to get reliable values for the solubility product of sparingly soluble compounds and used an unusual analytical method. The lack of detailed information about the method used and the results obtained does not allow further analysis. Davis et al. 10 obtained lg K s0 ¼ À(11.31 6 0.03) from their experimental data. This is similar to the value obtained by Karnaukhov et al. 6 Both values are higher than the recommended value of lg K s0 ¼ À12.03. Rai et al. 12 analyzed the work done by Davis et al. 10 in order to understand why their values were about one order of magnitude higher than those previously published and even those obtained by themselves. As both experiments were carried out at low ionic strength, Rai et al. 12 concluded that the difference arose from the methodology used by Davis et al. 10 The latter only centrifuged the solutions without any further filtration. Rai et al. 12 repeated this methodology and found that the value obtained for the concentration of cadmium(II) in solution is much higher in unfiltered samples than in the filtered ones. These authors concluded that the inadequate separation of solids from solution is probably the main source of error in the work of Davis et al. 10 The terse description of the experimental work of Karnaukhov et al. 6 does not allow understanding the source of errors that led to a solubility product higher than the one recommended here.
Experimental data in the system
CdCO 3 .
Auxiliary Information
Method/Apparatus/Procedure: An isothermal method was applied, using a special glass vessel (volume 50 cm 3 ) with a magnetic mixer, and with a stopper with holes for electrodes, for the glass tube with solid, for connections to the atmosphere and the nitrogen for purging the test solution, and for a thermometer. The solid salt was placed in the glass tube sealed at one end with filter paper. After equilibrium was reached, the glass tube with solid salt was pulled out from the solution (volume of solution was about 27 cm 3 ). 12 investigated the solubility of cadmium(II) carbonate in alkaline solutions. Their experiments were carried out in a closed ternary system composed of cadmium(II) carbonate (otavite) in equilibrium with aqueous solutions of sodium or potassium carbonate in the pH range between 9 and 12. The pH of a solution of sodium or potassium carbonate is around 11, and this was the pH of the experiments done by Lake and Goodings. 3 These authors didn't report the pH of the solutions, but they dissolved cadmium(II) nitrate in aqueous solutions of potassium carbonate with concentrations ranging from 0.25 to 5 mol dm
À3
. The solid obtained from this reaction was also not characterized by the authors, but a comparison made by Rai et al. 12 between their own results, obtained from analogous systems with lower ionic strength, and the results of Lake and Goodings, 3 show that all of them fit in the same model. Table 3 were re-evaluated by an admittedly As a first approximation, it was assumed that lg K s1 can be derived from lg½m Cd 2þ ;tot =m neglecting any ionic strength correction. Reaction (K s2 ) is isocoulombic, so that electrolyte composition should have little influence on the magnitude of lg K s2 and the Debye-Hückel term vanishes. For the classical SIT approach, lg K s2 was plotted against the ionic strength I % 3m CO 2À 3 , see Fig. 5 . At least one third of the data falls outside the 95% confidence range and the data of Lake and Goodings 3 seem to dominate the regression. If non-linear regression was employed for the SIT approach, the same values and uncertainties were obtained for lg K s2 and De, however, less data seem to fall outside the 95% confidence range and the regression is no longer dominated by the data of Ref. 3, see Fig. 6 . For the final comparison of theory and experiment, lgðm Cd 2þ ;tot =m Þ was plotted vs lgðm CO 2À 3 =m Þ, see Fig. 7 . Now only 6 of 36 data pairs fall outside the 95% confidence range. Clearly, regression analysis could have been repeated after having rejected those 6 data pairs as outliers. In view of the fact that the whole data set was taken from Fig. 4 of Rai et al. 12 and thus of limited numerical precision, a repetition did not seem justified. ] tot g, the solubility product can be roughly estimated; see the compilation sheet for Ref. 18 . Due to lack of information, no ionic strength corrections could be applied and thus the data were not reliable enough to be included into the recommended set of solubility data.
Holm et al. 15 determined the solubility of cadmium(II) carbonate in solutions of sodium hydrogencarbonate with ionic strengths around 0.02 mol dm À3 and pH between 6.5 and 8.5. The authors state that the solubility product K s0 ¼ ð1:6460:08Þ Â 10 À13 was obtained from equilibrium calculations considering corrections for the ionic strength and also the existence of the complexes CdCO 3 ðaqÞ and CdHCO 3 þ ðaqÞ. However, in the discussion of the results, the authors recognized that probably this value was underestimated, since the values for the stability constants of those two complex species were uncertain. Considering that the Cd-carbonato complexes are negligible for pH < 8, they obtained K s0 ¼ ð2:5160:08Þ Â 10 À13 ðlg K s0 ¼ À12:60Þ, which is still lower than the recommended value. No original data were given in the paper, except those presented in the compilation. Besides the values of pH and total cadmium(II) concentrations, the total concentration of carbonate was determined, but no values were presented in the original work. The lack of experimental values does not allow a further analysis of the results of Holm et al. 
Experimental data in the system

Auxiliary Information
Method/Apparatus/Procedure: Solutions of K 2 CO 3 (0.5 dm 3 ) with concentrations from 0.25 to 5 mol dm
À3
were mixed with 1 g of Cd(NO 3 ) 2 Á4H 2 O and left in contact, at the temperatures of 0, 25, and 50 C, for different times, with periodic vigorous shaking, until equilibrium was reached. Samples of the clear liquid were removed from time to time and analyzed polarographically for cadmium, and titrimetrically with standard solutions of HCl for carbonate.
Source and Purity of Materials:
There is no reference to the purity of the chemical reagents used, and the solids obtained were not identified. 
The crystals of CdCO 3 , with otavite structure, were synthesized by the authors according to published procedures 41 and dried at 65 C in 100% CO 2 environment. A cadmium(II) chloride solution was titrated with potassium carbonate solution to pH 8 at 65
C. The solid was aged in the parent solution and washed until free of chlorides. The solid was identified by x-ray diffraction analysis. Distilled and deionized water was used. NaOH was reagent-grade kept in an inert atmosphere, and standard Na 2 CO 3 and NaHCO 3 solutions were used. Estimated Error: Nothing specified, no estimates possible.
Components:
Original 33 The turbidity of the solutions was measured by light scattering as a function of pH, the latter being adjusted by addition of NaOH and HNO 3 . The inflection point of each line was considered as the equilibrium point.
Source and Purity of Materials:
Stock solutions of cadmium(II) nitrate were prepared by dissolving spectrum-pure metal Cd in HNO 3 aqueous solution. HNO 3 and NaOH used were reagents of guaranteed purity.
Estimated Error: Solubility: nothing specified; precision no better than 10%, as estimated by the compilers. pH value: nothing specified; precision is estimated to be 60.2 by the compilers. Temperature: nothing specified.
Components:
Original 
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In aqueous media containing chloride and cadmium(II) ions, cadmium(II)-chlorido complexes will be formed. These are in fact the dominant species in aqueous media 24 that are slightly acidic and dilute in alkali metal chloride. The Cd(II)-chlorido system is well characterized and stability (formation) constants for this system are recommended by Powell et al. 24 Consequently, the solubility of cadmium(II) carbonate is higher in chloride-containing solutions compared to those containing non-complexing electrolytes of the same ionic strength.
The solubility of cadmium(II) carbonate in aqueous media containing chloride ions was determined by Immerwahr, 1 Ben'yash, 4 Shlyapnikov and Stern, 7, 8 Miller et al., 9 Cecal and Ciuchi, 11 and Savenko and Savenko. 17 The experiments were all conducted under different conditions of temperature, carbon dioxide partial pressure, and cadmium(II) noncomplexing and complexing electrolytes. However, the pH of all must be considered to fall in the slightly acidic and slightly alkaline region even in those cases 1, 4, 8, 11 where this value is not specified. The diversity of experimental conditions does not allow a global analysis, and each experiment will be analyzed in relation to the quality of the published data following the criteria outlined in Sec. 1. For those experiments where it will be possible to make the calculation of the solubility product, the stability (formation) constants recommended by Powell et al. 24 will be used. 
From equilibrium, 
This argument, however, leads to Leden's 43 function only when ß 1 to ß n as well as K s0 (CdCO 3 ) and K s0 (CaCO 3 ) remain constant over the whole range of m Cd(II) and m Cl À investigated, i.e., in an inert electrolyte medium of high and constant ionic strength. As this condition is not fulfilled for 0:67 m Cl À =mol kg The value obtained at high temperature was also measured at the pressure of 5.0 MPa, and at this pressure values were determined at 298.15 K as well. These too cannot be evaluated, because they are the only ones published at this pressure and temperature.
Miller et al. 9 made a set of experiments with soil (mainly quartz with some plagioclase and hornblende) in contact with aqueous solutions, with given pH containing cadmium(II) chloride, in contact with the atmosphere. Experiments were devised to test the hypothesis that precipitation of cadmium(II) carbonate could occur in the described system, and that this reaction competes with soil cationic exchange processes. The authors assumed that the aqueous solutions were in equilibrium with cadmium(II) carbonate formed by the reaction of the dissolved cadmium(II) ions with the carbonate formed by dissolution of atmospheric carbon dioxide in solutions with pH between 7 and 9. No identification of the solid phase was described. The authors mention that the solubility product of cadmium(II) carbonate could be obtained from the measured data, and they give the value lg K s0 ¼ À12.14, but the final system was not well defined. As the final total concentrations of acetate, calcium and chloride were not measured, it is impossible to calculate the equilibrium composition of the aqueous solution. The value of the solubility product obtained by these authors agrees, however, remarkably well with the value recommended in this work.
Cecal and Ciuchi 11 present a value for the solubility constant of cadmium(II) carbonate at 293.65 K. In this paper, no reference is made to partial pressure of carbon dioxide, concentration of carbonate and pH of the equilibrated solutions. These parameters are crucial for determining the equilibrium concentration of carbonate species. The authors also present a value for the solubility constant calculated considering K s ¼ s 2 (s being the value of the determined concentration of cadmium(II) given in the compilation), which is obviously not true for the system under study. The authors considered neither the formation of cadmium(II)-chlorido complexes nor the hydrolysis of the carbonate ions. Considering the time to attain equilibrium recorded by other authors for similar systems, the time allowed by these authors for equilibration between solid and the solution was too short. From the published result, no more considerations can be made.
Savenko and Savenko 17 also determined the solubility of cadmium(II) carbonate in acidified artificial seawater (35% salinity) and found that the total concentration of cadmium(II) in solution was approximately 100 times higher than in the solution of 0.05 mol dm À3 sodium nitrate. The calculations made by these authors show that in seawater only 3.3% of the total dissolved cadmium(II) is in the form of Cd 2þ . This result is in good agreement with the values calculated by Powell et al., 24 which also show that the percentage of all forms of cadmium(II) in saline water are practically constant until pH 8.5. This fact explains the similar slope of the lines that translate the dependence of total concentration of cadmium(II) with pH in seawater and in the solution of 0.05 mol dm À3 sodium nitrate in the Savenko and Savenko 17 work. No further calculations can be done with the data determined by these authors, as they did not report the complete composition of the synthetic seawater. 
As reference electrode the so called "normal" 
provided the cell potentials were measured at T ¼ 296 K.
Source and Purity of Materials:
The cadmium(II) carbonate was prepared in the measuring cell by addition of potassium carbonate to the solution containing cadmium(II) chloride. Concentrations calculated by the compiler.
Auxiliary Information
Method/Apparatus/Procedure: Isothermal method using a glass vessel (25 C and p CO2 ¼ 1 atm) with continuous flow of CO 2 . Isothermal method using a special rotating autoclave with a container for solid carbon dioxide to create high pressures. With continuous mixing, equilibrium was reached after 24 h as described in Shlyapnikov and Stern. 45 The cadmium(II) concentration was determined by complexometric titration. Analysis for the Cl À ions was carried out argentometrically.
Analysis for the CO 2 was carried out gas volumetrically. The composition of the solid phases was determined by x-ray diffraction.
Source and Purity of Materials: Cadmium(II) oxide was prepared by the method described in Koryahin and Angelov. 46 Sodium chloride, chemical purity and pure for analysis, was additionally recrystallized.
No information was given about the carbon dioxide and the water. 
